The aim of the present study is to characterize the variations of thermal resistances between liners and engine blocks of cars; a non-destructive evaluation is proposed: photothermal infrared thermography.
Introduction
The present work aims to characterize the variable thermal resistances between liners and engine blocks, and to quantify eventual air layers that could impede the engine cooling. Since this problem is essentially of thermal nature, photothermal infrared thermography appears to be particularly relevant here. In addition, this nondestructive technique is not disturbed by surface roughness and allows both excitation and detection to be applied on the same side.
F.5.2
The study of the contact between two joined metals has been approached in transient mode with the brief signal method [1] . Then, the use of a periodic thermal field for thermal resistance measurements by thermocouples, initiated by SaintBlanquet [2] in 1970, has been extended to measurements by photothermal radiometry. For example, this method enabled to characterize crimped metal tubes [3] .
On the one hand, an analytical modelling, associated with an inverse procedure using the Gauss-Newton parameter estimation method, allows the identification of the thermal resistance on academic samples, representative of the liner-engine block interface. On the other hand, the implementation of a numerical modelling allows studying two-dimensional defects at the cast iron-aluminium interface. The thermal resistance (or the equivalent air layer thickness) at the interface is identified by an inverse procedure using the Gauss -Newton parameter estimation method. Finally, the method is applied to the characterization of a linerengine block interface.
2.
Experimental set-up and thermal modelling 2.1. Description and validation of the experimental device Figure 1 illustrates the non-destructive experimental system jointly developed by PSA and the University of Reims (URCA/UTAP/LTP). The sample is submitted to a sinusoidal excitation obtained thanks to a set of four spotlights. Then, the thermal response is measured by means of an infrared camera and a photodiode takes simultaneously the optical reference signal. A numerical lock-in procedure [4, 5, 6] yields both amplitude and absolute phase maps of the periodic thermal field, for modulation frequencies ranging from 10 -3 Hz to a few Hz.
Analytical thermal modelling
The thermal phenomenon analysis has been first realised by an analytical modelling of a one-dimensional multilayer. This model allows the calculation of the sample response to a periodic excitation, and to obtain both phase and amplitude theoretical values of the temperature response.
The considered sample is made up of a sprayed paint (to increase and homogenize the emissivity) on a cast iron plate, which is separated from an aluminium plate by an air layer of variable thickness (figure 2). Equivalence between a two-layer model with contact thermal resistance and a three-layer model with a central air layer at the interface had already been established [3] . Similar results were obtained here with an additional layer representing the emissive deposit at the front surface.
Thanks to a study of sensitivity to the different parameters, the optimal experimental conditions for air layer detection at the cast iron-aluminium interface have been determined. This study has pointed out the important phase sensitivity to the paint layer thickness variations. So, another black and matt deposit, the applying technique of which guarantees a controlled uniform thickness, has finally been chosen: the phosphatation. Figure 3 shows the evolution of the phase sensitivity to contact thermal resistance, as a function of modulation frequency. The sodetermined relevant frequency domain of investigation is ranged between 0.01 Hz and 2 Hz.
If the resistance increases beyond 4 10 -3 K.m 2 .W -1 (100 µm-thick air layer), the phase sensitivity becomes nearly zero. The photothermal method proves to be (equivalent air layer between 0.1 and 100 µm). In this range, the sensitivity is 4 10
K.m 2 .W -1 for a phase shift of 1 degree, which is, in first approximation, the accuracy of a phase measurement.
The inverse procedure associated with this model is based on the GaussNewton parameter estimation method according to ordinary least squares [Beck & Arnold, 7] . The confidence intervals, resulting only from the theory-experiment adjustment, are given with a risk of 10%.
The use of a 1D analytical model supposes a uniform distribution of the incident flux on the whole sample surface. However, this condition is quite difficult to obtain scrupulously in practice. In order to take into account the lateral heat diffusion introduced by a non-uniform incident flux, another analytical modelling has been realised under axis-symmetrical conditions. This kind of model describes the behaviour of a sample structured in parallel layers, and exposed to a Gaussian incident flux.
Numerical thermal model
Moving on to a multidimensional numerical model is essential to account for located defects or non-uniform thermal resistance at the cast iron-aluminium interface. An axi-symmetrical 2D numerical model, using ABAQUS ™ finite element software, has been developed then validated thanks to a comparison with the corresponding analytical model. A resistive defect has been simulated at the sample centre. The calculated phase evolution along a radius (for a modulation frequency of 0.2 Hz) is shown on figure 4 . At a frequency of 0.2 Hz, the transition area with a width of 15 mm is about three times wider than the thermal diffusion length (4.5 mm in cast iron).
Thermal resistance characterisation
Once the functional installation of the non-destructive test bench completed, the study focused on academic samples representative of the liner-engine block interfaces. The following results have been obtained with series of 300 infrared frames quantized on a 12 bit dynamics; the acquisition sequence varies from 20 to 200 seconds, according to the modulation frequency, for an acquisition rate of 15 Hz with the AGEMA 900LW.
Academic measurements of thermal resistances
The first thermal resistance measurements were realised in a configuration where cast iron and aluminium plates were simply joined. Two cast iron plates were tested: 2 mm-thick and painted, 3 mm-thick and phosphated. Since these first tests only aimed to prove the ability of the method to measure contact resistances, only 1D model was used. First series of measurements were realised with the coated cast iron plates alone. In this case, the coating thickness was measured, the cast iron properties being supposed known, and the thermal conductivity of the coating was identified. Then, second series of measurements were realised with the cast iron plates joined to a 10mm-thick aluminium plate. The inverse procedure provided the thermal resistance values presented in table 1.
Moreover, in the phosphated case, a simultaneous identification of the thermal resistance and of the cast iron thickness led to the correct value of the depth of the 
Resistance measurements under loading
The experimental device allows the application of a force on the sample perimeter, while keeping an optical access at the centre of the front side. The spaces between cast iron and aluminium plates are measured by inductive (Foucault's currents) displacement sensors: three sensors are at the plate perimeter, on the force transmission area, and one is behind the centre of the free surface. The sensors are screwed in the aluminium plate and the total force applied to the sample is measured. The average temperature level due to the use of the spotlights causes some additional deformations. A thermomechanical modelling with ABAQUS ™ software gives a space of 4.57 µm at the interface centre, for a load of 6 MPa and a temperature rise in front surface of 63°C. Figure 5 shows the phase map for a modulation frequency of 0.05 Hz with a 2 mm-thick cast iron plate and a 10mm-thick aluminium plate subjected to a force of 245.7 kN on the perimeter. In this case, both plates, actually not perfectly plane, are not simply joined but straightened out too. The central displacement sensor clearly appears at the centre of the sample. The estimated air thickness or thermal resistances (between 2 and 7.10 -4 K.m 2 .W -1 ) are shown on figure 6 . In order to reach some lower thermal resistance values, it is necessary to apply a pressure at the interface. Bezerra Filho [8] had already measured resistances ranging from 10 -5 to 5 10 -5 K.m 2 .W -1 at a copper-copper interface in vacuum and under loads of 5.79 MPa and 2.21 MPa. Here, the use of a convex aluminium plate allowed forcing the cast iron plate (2mm-thick) to come into contact with the aluminium plate at the centre. Figure 7 shows the phase maps obtained in this configuration (this time, with no displacement sensor), the pressed zone appearing clearly at the centre. As far as the pressed area is strongly localized, the contact resistance is particularly non-uniform; then, the numerical inversion becomes more difficult. Finally, the minimum thermal resistance estimated at the sample centre is of about 1.65 10 -5 K.m 2 .W -1 .
Application to a liner -engine block interface
The method has been finally applied to a DV4 cut engine block [6] . The cuttings are made as far as possible from the interface to control (figure 12), in order to limit the disruptions on the air layer. The aluminium side (5.2 mm-thick) is black painted and the liner thickness is here 2.55 mm. The photothermal measurements give a thermal resistance of 2. 
Conclusion
The quantitative characterization of the contact thermal resistance at the cast iron -aluminium interface has been realized successfully. 
